We developed a biomimetic approach, based on direct incubation with proteolytic enzymes, to measure bioavailable amino acids in sediments. The kinetics of release of monomers and oligopeptides, which are amenable to absorption by cells, is measured as either individual or total amino acids. Microbial proteases incubated with fresh sediments yield amino acids at a similar rate as gut juices from a deposit-feeding holothuroid.
Nitrogen often appears to be a highly desirable, if not limiting, nutrient in animal diets (Tenore 1988; White 1993) . The most common form of nitrogen found in sediments is polymerized amino acids, or peptides (e.g. Mayer et al. 1988) , which most likely serve as a principal source of nitrogen for deposit feeders. Measurement of the nutritional nitrogen content in sediments has been attempted in a number of ways. Measures of total nitrogen have proven overestimates of nutritionally available nitrogen, due to the abundance of indigestible nitrogenous compounds such as humic materials. Focus on the amino acid content of sediments, generally by initial extraction with strong acid or base (e.g. Rice 1982; Khripounoff and Rowe 1985; Sargent et al. 1983) , likely has also resulted in incorrect estimates because organisms use a very different means to solubilize amino acids.
Food value is generally expressed as a concentration or a pool size. Recent advances in modeling of digestion, however, make clear that inefficient digestion of available substrate is a likely consequence of the maximization of the rate of food absorption by an organism (Dade et al. 1990 ). This likelihood focuses attention on the kinetics of nutritional release from sediment, not simply on the total pool of "available" material. Food value therefore results from an interaction between a foodstuff and an organism, with two important analytical implications. First, a perfectly accurate in vitro method of nutrient assay is impossible because the goal varies within and among individuals and species. Second, the means by which an organism solubilizes food from particles must act as the basis for an in vitro method. Metazoans use hydrolytic enzymes to solubilize polymeric material, and hence such enzymes should be used for in vitro methods. Further, the fact that successful digestive assimilation requires not only a hydrolytic solubilization but also an absorption step at the gut wall indicates that only those solubilization products amenable to absorption should be analyzed. These considerations have long been appreciated in the study of protein availability to vertebrates (e.g. Mauron 1970; Faithfull 1984) . Mayer et al. (1986) presented an enzymatic method of analyzing protein concentration in sediment. That method operationally defined "protein" as peptides larger than 7-l 5 amino acid residues that were extractable from sediment by NaOH. The peptides were measured with Coomassie Blue dye, so the method is here termed the CB method. Studies with this method showed that other forms of sedimentary nitrogen, perhaps consisting of lower molecular weight peptides, were available to biota (Carey and Mayer 1990; Mayer and Rice 1992) . On the other hand, due to the harsh NaOH extraction step this method may have measured proteins that .were not available to biota. Further problems with this method included its
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'F' laboriousness, and its inability to measure the composition of the proteins assayed. This approach was modified to provide new insight into the nature and concentrations of nutritional amino acids available to deposit feeders and other organisms. The method development had several design goals. First, we sought to extract amino acids by the same means used by marine deposit feeders. With gut .pH values similar to that of surrounding sediments (Plante and Jumars 1992) , deposit feeders appear to rely primarily on enzymatic attack to solubilize amino acids. A direct attack by analytical enzymes on the sediment is therefore indicated. Second, all amino acids available to enzymatic hydrolysis, and not just the larger polypeptides assayed by the CB method, need to be assayed. Thi:rd, the method must measure the kinetics of amino acid release. Fourth, we focused on hydrolysis products that can be absorbed by the gut wall of a deposit feeder. Fifth, analysis of the individual amino acids released is desirable. Last, easier measurement was desired. The revised method meets these goals.
Methods and materials
Sediments for method development and analyses were usually collected from an intertidal m udflat (Lowes Cove) adjacent to the Darling Marine Cem;er (Mayer and Rice 1992) . Other sediments were collected from intertidal flats in Puget Sound or the subtidal Amazon shelf.
Analytical method-The analytical approach measures the enzymatically hydrolyzable amino acids (EHAA) that are available for absorption by a gut wall (schematized in Fig. 1 ). Digestion in an animal gut is mimicked by adding digestive enzymes directly to sediment, and that fraction of solubilized amino acids. amenable to absorption by gut walls is then isolated and measured either by HPLC to analyze individual amino acids or by a quicker, fluorometric method that measures only the total amino acid concentration.
Nonspecific proteolytic enzymes are used to maximize the variety of peptide bonds hydrolyzed. To avoid autolytic production of amino acids from the enzymes themselves, we experimented with several commercially available enzyme preparations. Proteinase-K (Sigma No. P8044, described by Ebeling et al. 1974 ), a crude fungal extract of proteases and other enzymes exhibited little or no autolysis, while other enzyme preparations showed significant autolysis that made data interpretation difficult. Because Proteinase-K was as effective as other hydrolytic enzyme mixtures tested, we made it the normal enzyme preparation of choice.
This method minimizes chemical changes to the sediment slurry beyond that expected from the addition of hydrolytic enzymes. Such minimal impact might allow bacteria to survive and competitively remove hydrolyzed amino acids as they are generated by the added enzymes, thus removing these solubilized amino acids from the analytical window. We experimented with inhibitors of bacterial active transport systems that would prevent this uptake, with the goal of avoiding lysis of bacteria or risk to either the protease mixture or the sedimentary substrate. Potential uptake of amino acids was measured as loss of dissolved [3H]glycine in sediment slurries amended with various inhibitor solutions.
We found that a solution of 0.1 M sodium arsenate and 0.1 mM pentachlorophenol (sodium salt) in pH 8 sodium phosphate buffer provides complete inhibition of uptake of [3H]glycine by sediment, provided that the mixture was allowed to incubate with the sediment for an hour before adding the enzymes. Pentachlorophenol is a quickly acting inhibitor that loses potency rather soon, while the sodium arsenate is slower to exhibit inhibition but lasts longer. With this inhibitor solution, we sometimes observed losses of amino acids after 9-24 h, indicating that this mixture should not be trusted over such long time-courses. Lower inhibitor concentrations were less effective and higher concentrations interfered with the proteolytic enzymes, so this mixture of inhibitors should only be used in a narrow concentration range. The necessity for this uptake inhibition was tested by examining EHAA release from sediments with and without the inhibitors; net release after a 3-h incubation was enhanced by -25% with inhibitors.
The enzyme incubation is normally performed by preincubating 1 ml of poisoned phosphate buffer with -0.1 g dry weight sediment (as fresh wet or freeze-dried sediment--see results) for 1 h to allow the inhibitor to become effective. These slurries are made up in 1.5-ml polypropylene microcentrifuge tubes, with three replicates for each time point desired. We then add 0.1 ml of 1 mg protease ml-' to begin the enzyme attack and incubate on a rotating shaker (200 rpm) at the desired temperature. At various time points in the incubation, the slurries are centrifuged and the supernatant with the sol-ubilized material is removed. Controls include incubation of the enzyme solution without sediment and of sediment without added enzymes.
The amino acids solubilized from the sediment include a wide range of states of polymerization, ranging from monomers to large polypeptides. Our primary interest is in low-molecular-weight (LMW) compounds that can be absorbed by an organism (i.e. monomers and small oligomers). The Proteinase-K enzymes in the supernatant must also be eliminated. To remove the higher molecular weight peptides and enzymes, we add 75 ~1 of 100% trichloroacetic acid (TCA) to 0.75 ml of supernatant, vortex, refrigerate for 30 min, and then centrifuge again. The molecular size of the material surviving the TCA precipitation was checked by its reactivity with Coomassie Blue dye. Virtually no reaction was observed, indicating that the supernatant contained oligopeptides with <7-l 5 amino acids (the minimum size required for dye binding, Mayer et al. 1986 ). This result is consistent with those of Greenberg and Shipe (1979) , who found that TCA precipitation left dissolved peptides of generally ~4 amino acid residues. Nevertheless, we caution that TCA precipitation is variable in its molecular weight cutoff, depending on factors such as types and concentrations of peptides and other materials in solution.
The resulting supernatant with lower molecular weight material is measured by one of two methods, either analyzing the component amino acids or simply measuring the total amino acid concentration. Each pathway is preceded by total hydrolysis of the material to monomers in a glass ampule by purging the sample with N2 gas, adding 0.75 ml of 12 N HCl (ammonium-free) to 0.75 ml of the supernatant from the TCA precipitation, sealing the ampule while purging with NZ, heating for 22-24 h at 110°C in a dry bath, and freezing until analysis. We analyze the constituent amino acids by cation-exchange HPLC (model 2000, St. John Associates) with postcolumn derivatization with orthophthaldialdehyde (OPA) followed by fluorometric detection.
A single measure of the total amino acids can be obtained by adding OPA reagent to the hydrolyzed monomers. OPA exhibits molar reactivity similar to most amino acids, so that variations in amino acid composition of the EHAAs do not affect quantitation of their total concentration. A pH 9.6-9.8 solution made with 2 ml of pH 10 potassium borate buffer and 0.1 ml of 6 N NaOH solution is added to 0.1 ml of sample solution in a test tube, vortexed, allowed to incubate for 1 h, and vortexed again to allow any ammonium to leave the solution. We then put 1 ml of pH 8 phosphate buffer in a disposable fluorescence cuvette, add 0.1 ml of hydrolyzed supernatant to this mixture (0.2 ml if concentrations are very low) followed by 0.1 ml of OPA reagent and vortex to mix. The OPA reagent is made by gently crushing 0.5 g of OPA in 5 ml of HPLC-grade methanol in a small disposable beaker until dissolved; the solution is then added to 500 ml of buffer made with 15 g of boric acid, 0.5 g of Brij 35, and 1.25 g of Na-EDTA. The buffer pH is adjusted to 9.8 with KOH pellets, and 0.25 ml of 2-mercaptoethanol (Sigma M6250) is added. After allowing the analyte solutions to stand for a fixed time (l-5 min), their fluorescence is measured at excitation-emission wavelengths of 340/455 nm in a spectrofluorometer. Standard curves are made from amino acid mixtures (e.g. Sigma AA-S-18). For calculation of amino acid concentrations on a weight-weight basis, we assume an average molecular weight of 120 g mol-l.
Agreement between this total amino acid method (AA,,) and the sum of amino acid concentrations from the HPLC analyses (AA HpLc) is generally excellent, with a 1 g-sample intercalibration in the relationship Calibration with a deposit feeder-Calibration of the ability of this method to produce EHAAs was performed with digestive juices from a deposit feeder. Parastichopus calijknicus is a large epibenthic holothuroid with relatively long gut residence times (N 5-6 h) and low digestive enzyme activity, typical of a number of holothuroids we have studied. Specimens were collected near San Juan Island, Washington, and kept in flowing seawater tanks. Digestive juices from the foregut and midgut lumen, the areas of relatively high digestive enzyme activity, were removed by syringe after dissection or evisceration of the gut. These digestive juices were immediately frozen, sent on ice by overnight mail from Washington to Maine, and used upon receipt. Experiments showed that these digestive juices lost a negligible fraction of the activity under these conditions. Then 0.1 ml of digestive juice was added to -100 mg of sediment in triplicate aliquots for each time point and incubated. At each time point, 0.9 ml of phosphate buffer was added to the slurry, and the liquid removed after centrifugation. All other conditions of the analysis were identical. Controls included digestive juice incubated without sediment to measure those oligopeptides and amino acids associated with the digestive fluid itself.
Other analyses and experiments-"Protein," defined as NaOH-extractable and enzyme-hydrolyzable polypeptides of > 7-l 5 amino acid residues, was measured by the CB method (Mayer et al. 1986 ). This method was modified to provide two sequential NaOH extractions of sediment, compared to the original single extraction. Total acid-hydrolyzable amino acids in the sediment were measured by 6 N HCl hydrolysis under N2 at 110°C for 24 h, followed by ion exchange HPLC as above. Total organic C and N were measured on freeze-dried samples after fuming with HCl in a desiccator, using a Carlo Erba 1106 analyzer.
The amino acid composition of Parastichopus tissue was examined after homogenizing a whole animal in a Waring blender. The tissue was acid-hydrolyzed and analyzed as above. 
Results
Time-courses of EHAA release from freshly collected sediment, using the standard conditions of 100 pg Proteinase-K ml-l at room temperature, typically showed an initial rapid EHAA release upon addition of the commercial enzyme solution (t = 0) and a slow further release of EHAA that continued for several hours (Fig. 2) . A small and usually insignificant release of amino acids resulted from addition of the poisoned buffer (t = -1 h, data not shown). The release of EHAA is generally well described by the expression Ct = CA -C,exp(-kt).
Ct is the EHAA concentration at time t, C, is the asymptotically approached total EHAA concentration, C, is the EHAA concentration of the slowly hydrolyzable pool of peptide substrate, and k is a first-order rate constant describing the slower hydrolysis of the peptide substrate by the analytical enzymes. The amino acids released soon after addition of the enzyme sollution (i.e. within the few minutes required for sample processing) would equal (cl -C,). The total yield of EHAri was dominated by material released in the slower reaction, with values for k typically in the range 0.15-o. 52 h--l. Freeze-drying the sediment resulted in enhanced yield of EHAA, particularly in the early stage of the reaction (discussed below).
Controls without added enzymes also released amino acids into solution (Fig. 2) , often yielding a few tenths of LMW peptides initially present in gut juice were a major fraction of the total peptides measured but were subtracted out for this figure. a milligram per gram over several hours. This release was a major fraction of the amino acids released in the first few minutes after addition of enzymes. However, added enzymes thereafter generated significantly more amino acids. We tested whether the extra release generated by the added enzymes was due to hydrolysis or desorption induced by the added enzyme proteins by adding a nonproteolytic protein (casein) to the sediments in amounts equal to the Proteinase-K proteins normally used. Casein addition produced no additional amino acids above the control without added enzyme, indicating that Proteinase-K generates EHAA by hydrolysis.
To test whether the slow release of amino acids in the absence of added enzymes was due to hydrolysis by native sedimentary proteases, we did incubations after inhibiting the native proteases. This inhibition was accomplished in two ways: by lowering pH to 6.5 and by lowering temperature to 0°C (cf. Mayer 1989b). These treatments had little effect on EHAA release, suggesting that this release was not due to enzymatic hydrolysis by native sedimentary proteases. The cause of this release is therefore unknown, although possible causes include release from biota or slow, transport-limited desorption (e.g. from exopolymer gels).
EHAA release after addition of digestive fluids from the deposit-feeding sea cucumber P. californicus was similar to that caused by the Proteinase-K solution incubated with fresh (unfrozen) sediment (Fig. 3 ). The incubation with digestive juice had no poison to inhibit bacterial uptake, which may explain the decrease in EHAA at the last time point (see below). Use of the digestive fluids that were diluted tenfold gave slightly lower but still similar results as the Proteinase-K solutions (data not shown), indicating that enzyme activities in the gut juice were essentially saturating available substrate in the sediment. Similar saturation was found at the recommended concentration of Proteinase-K (see below). Analogous experiments were attempted with Arenicola marina, a depositfeeding polychaete, but extremely high levels of pre-existing LMW peptides and amino acids in its digestive juices led to a poor signal : noise ratio in the time-courses.
The amino acid compositions of the EHAA were similar regardless of whether Parastichopus digestive fluid or Proteinase-K was used (Fig. 4A) . These compositions were generally typical of biological tissue of marine animals (Cowie and Hedges 1992) and were also similar to compositions of total acid-hydrolyzable amino acids in the sediment (data not shown). However, there were consistently small but reproducible variations during the timecourses (Fig. 4B ). At early stages (i.e. within a few minutes after enzyme addition), the LMW material (i.e. supernatant after TCA precipitation) was usually relatively high in glutamic acid and taurine. Both of these compounds are common osmolytes of marine organisms and may result from release from such cells. Glutamic acid is commonly enriched in sediment pore waters (Henrichs and Farrington 1987; Burdige and Martens 1990) . Taurine was released at the same rate whether proteolytic enzymes were added, consistent with its monomer form in organisms.
In later stages of the time-course, the percentage of glutamic acid decreased and the amino acid spectra evolved toward a composition more typical of whole organisms. A striking aspect of most late-stage amino acid 2 I LLI compositions in the EHAA from both fresh and freezedried sediments was very low methionine concentrations, typically ~0.25% of total amino acids. Such values are considerably lower than is typical for marine organisms.
The release of LMW peptides and monomers-the compounds most amenable to absorptive uptake at a gut wall (Matthews 199 I)-does not represent the entire solubilization of amino acid-containing compounds. Removing the TCA precipitation step showed that higher molecular weight polymers were also solubilized, as shown by a large difference between the total and LMW pools early in the time-course (Fig. 5) . This difference was smaller in later stages, indicating hydrolysis of the higher molecular weight forms in solution.
Release of EHAA did not increase with higher Proteinase-K concentrations (> 100 pg ml-l), indicating that the conditions of the assay saturated the substrate in the sediments we analyzed. However, significantly lowering the concentration did reduce EHAA release (data not shown).
Because the fluid : solid ratio (> 1 ml fluid : 0.1 g dry wt sediment) in this mode of analysis is higher than is generally found in deposit-feeder guts (Plante and Mayer 1994) , we also tried achieving the same ratio of enzyme to sediment by adding more concentrated enzyme solutions in smaller fluid additions. About 5-10 times more protease per gram of sediment was necessary to achieve similar EHAA release under typical gut fluid : solid ratios (Fig. 6) . We tested whether this reduced effectiveness of small fluid : solid ratios was due to less effective mixing of enzyme and sediment in the highly viscous 0.1 ml to -0.1 g sediment slurries by an experiment with and without vigorous (300 rpm) shaking. Release rates increased slightly (23%) upon shaking the viscous slurry, but not enough to explain the effect of higher fluid : solid ratio diment. LF refers to Proteinase-K added in low fluid volumes (0.1 ml, which provides a fluid : solid ratio typical of deposi t-feeder guts); HF refers to high fluid volumes (1 .O ml, the normal method described in methods section). The No P-K data represent a blank of 0.1 ml of buffer added without enzyme. (Fig. 6 ). The advantage of higher fluid : solid ratios may be due instead to a greater dilution of'hydrolyzed product, reducing product inhibition of the enzyme hydrolysis step (Biichmann 1979) . In an animal gu;, product inhibition would be reduced by gut wall absorption of the hydrolyzed product. The higher fluid : solid ratio also improves mixing of the enzyme solution and sediment under milder shaking conditions and is therefore cur preferred method when we are trying to mimic digestive conditions. Does the presence of a slowly releasable pool of EHAAs imply that sediment peptides are refractory or that Proteinase-K added to sediment is iinhibited? We tested this question by spiking an easily hydrolyzable protein (casein) into sediment and comparing its hydrolysis kinetics to a control without sedimem. Casein hydrolysis by Proteinase-IS in the sediment slurry was almost as fast as in the absence of sediment (Fig. 7) . The sedimentary peptides are thus more refractory than simple proteins like casein.
Freezing or freeze-drying sediments significantly increased EHAA release (Fig. 2) , suggesting breakup of some protective matrix. This increase was seen primarily in the early stages of a time-course. There were disproportionately high releases of glutamic acid and taurine in frozen sediments, indicating some release of osmolytes. Repeated freezing and thawing led to negligible further increase in EHAA release, and no difference was found between freezing with liquid nitrogen and in an ordinary kitchen freezer. Oven-drying the sediments (5 5-60°C) gave inconsistent results. Incubation of the enzymes with sediment at 37°C further enhanced EHAA yield by a small amount. To obtain a maximal, single-valued measure of the potentially bioavailable EHAA, we therefore use a 6-h incubation at 37°C with freeze-dried sediment. This II-W -10 12 3 4 5 6 7 TIME (h) Fig. 7 . Kinetics of hydrolysis of casein added to sediment as a test of hydrolysis kinetics of an easily hydrolyzable protein under normal incubation conditions. Casein + protease (0) represents normal rapid hydrolysis in solution in the absence of sediment. Sediment + casein + protease (0) represents conditions of added sediments in the ratio of typical protein content. Sediment + protease (0) represents control of EHAA release from sediment alone. Lines represent exponential curve fits.
approach reduces the simulation of in vivo conditions and provides instead an estimate of a larger pool of substrate hydrolyzable by enzymes.
A series of sediments from the coast of Maine, the shelf off the Amazon River, and Puget Sound were analyzed by a single-point method, using incubation of freeze-dried sediment with proteases at 37°C to maximize the yield of EHAAs. These sediments were also analyzed by the CB method, which assays larger, enzymatically hydrolyzable peptides (protein) extractable from sediment by NaOH (Mayer et al. 1986 ). The EHAA method always showed higher yields than the CB method (Fig. 8) , but often gave similar results (3/4 of the EHAA concentrations are within 50% of the CB protein values). The EHAAs, which include both low-and high-molecular-weight peptides in the original sediment, are thus usually dominated by the larger polypeptides measured by the CB method, though some EHAA levels were as much as three times the amino acid content found by the CB method. This finding supports the suggestion of Mayer and Rice (1992) that smaller peptides must be present in sediments to explain downcore changes in total N (TN) or total acidhydrolyzable amino acid (TAHAA) content. However, EHAA release from fresh sediment at room temperature was always less than the amino acid content measured by the CB method. Thus, the method that most closely imitates a deposit-feeder's digestive system is apparently unable to access all the protein measured by the CB method, while the harsher pretreatment of freeze-drying the sediment before analysis apparently renders all of this protein (and more) available to the enzymes.
EHAA and CB-protein concentrations were a small fraction of and decreased more rapidly downcore than TAHAAs or TN ( Table l of the TN. In another core, we found that EHAA concentrations from fresh sediments decreased more quickly downcore than values from freeze-dried sediments. In time-course incubations with the fresh sediment of this core, the rate constants of the slowly releasable pool were similar downcore; only the extent of the release decreased with sediment depth.
Discussion
Biomimesis?-This study seeks insight into the amino acid nutrition available to biota by using a "biomimetic" type of in vitro analysis of the substrate. This approach does not truly mimic a digestive system, largely because the entire suite of digestive agents and processes are not yet well understood. Our approach does not mimic several factors likely to influence the actual amount and kinetics of in vivo nutritional yield to an animal. One example is particle selection-performed by many deposit feeders-which presumably enhances the nutritional quality of particles subjected to digestion. Our approach mimics only the digestive and not the ingestive step in feeding. Further, the digestive agent that we use-a crude proteasc extract from a fungus-may be similar but is certainly not identical to that used by deposit feeders. Nevertheless, this approach provides both insight into the nature of the bioavailable substrate and improved quantitation of the release of this substrate-two separate but interrelated information needs (Mayer 1989a) . It meets all of the design goals noted in the introduction, although it is not an easier assay if HPLC analysis is required. This inability to exactly duplicate the apparent food value of sediment derives from the fact that food quality is a property of the interaction between sediment and a gut's digestive capability. Food quality is not an inherent property of the sediment itself. In vitro measurement of food quality provides an estimate only of potential release and may under-or overestimate the food available to a particular organism during a particular gut passage.
Comparison of incubations using Proteinase-K vs. gut juices from Parastichopus suggests that time-courses with fresh sediment provide insight into the kinetics of nutritional yield to this animal. Although this comparison was made only with Parastichopus, this species' digestive enzyme activity is similar to several other echinoderms (e.g. Brisaster latifrons, Brisopsis lyra, and Moi'padia intermedia -unpubl. data). Deposit-feeding polychaetes typically have higher hydrolase activities than holothuroids (unpubl. data). Thus EHAA release by this method may not mimic that of all deposit feeders. For example, some animals may access the additional material made labile to the in vitro analysis by freezing the sediment. It is also not clear how bioavailable these various pools of peptide substrate are to other members of the benthic community (e.g. bacteria) over various time scales. The amounts of amino acids released by this approach are a reasonable approximation of what is apparently needed by deposit feeders. For example, Carey and Mayer (1990) found that Saccoglossus kowaleyskii removes on the order of 0.5 mg protein (g sediment)-' during gut passage.
EHAA compositions allow improved tests for dietary limitation of specific amino acids. On the basis of amino acid compositions of animal tissue and potential plant and bacterial food sources, Phillips (1984) suggested that certain essential amino acids, such as lysine, arginine, and methionine, are limiting trace nutrients for detritivores.
Comparison of amino acid compositions of Parastichopus tissue and EHAA from various sediments from the field habitat and holding tanks (Fig. 9) shows apparent deficiencies of glycine, tryrosine, methionine, and arginine. These deficiencies may be artifacts of the use of tissue composition for the presumed amino acid requirements of the animal-a common assumption in the literature. Tissue concentrations should be corrected for varying amino acid residence times. For example, glycine is usually abundant in fibrous proteins, which likely have a relatively long residence time; the high glycine content of this animal's tissue is characteristic of its tough outer walls and may not represent its normal glycine require-chopus are thus consistent with these release kinetics.
Decreased release rates with time set the stage for optimal digestion strategies that result in only partial digestion of the substrate during gut passage (Sibly 198 1; Dade et al. 1990) .
The low methionine level in the slowly released pool is the only hint to its nature and was found in almost all samples. One notable exception was a diatom-rich surface (O-l cm) sediment that had normal methionine contents; however, the 3-4 cm, diatom-poor horizon from the same core was poor in methionine. The downcore data of Cowie et al. (1992) for anoxic Saanich Inlet sediments indicate that amino acids lost during diagenesis, presumably representing the labile pool, are similarly low in methionine.
What proteins have such compositions? One possibility is the outer coat proteins of many eubacteria and archaebacteria as well as some viruses, which are similarly deficient in methionine (Sleytr and Messner 1983; Beveridge and Graham 199 1; Knight 1975) . In bacteria, these outer coats are termed S-layers and consist of a crystalline protein net that commonly covers bacteria in the wild state but is usually lost after laboratory culture. S-layers can be sloughed off after reaching late-stage stationary phase growth (Sleytr and Messner 1983; Luckevich and Beveridge 1989 ) and perhaps represent a form of extracellular production of proteins that is alternate to the enzyme production suggested by Rice and Hanson (1984) . While only a speculative possibility at this time, these S-layers deserve attention as a possible source of detrital peptides. This source would be consistent with bacterial gardening as a food source for deposit feeders (Newell 1965) , as well as with the increasing realization that organic detritus delivered to sediment is quickly reprocessed by bacteria (Mayer and Rice 1992; Canuel and Martens 1993) .
Bacteria can provide a source of nutrition to deposit feeders, but their presence also threatens competitive uptake of hydrolyzed sedimentary food (Plante et al. 1990 ). This risk can be quantitatively assessed for the first time with the results of this study. Consider the standing stock and growth potential of bacterial populations in terms of their protein equivalents. A reasonable bacterial number in sediments of the type used here is -3 x 10" g-l with a biomass protein that equals 0.147 mg protein g-l (Mayer and Rice 1992) . Assuming that 10% of these bacteria are viable, with a doubling rate of 1 h-l within guts (Plante et al. 1989) coupled to a growth efficiency (anabolism : total uptake) of 25% on a diet consisting solely of amino acids, we can calculate a potential amino acid demand (Fig. 10 ). For these reasonable assumptions, bacteria can provide significant competition to a deposit feeder for uptake of released amino acids, especially after a short growth period. These calculations are consistent with our observation that EHAA release decreased by -25% in the absence of the inhibitor cocktail in experiments with digestive fluids from Parastichopus (Fig. 3) . Likewise, experiments using Proteinase-K but without inhibitor cocktail showed similar decreases in EHAA release (data not shown). Release rates of EHAA thus support the importance of bacteriolysis in animal guts.
